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Abstract 
This work was developed within the Project Metodologie e sistemi
integrati per la qualificazione di produzioni orticole del Fucino
(Methodologies and integrated systems for the quality improvement of
horticultural products in the Fucino plateau), sponsored by the Italian
Ministry of Education, University and Research, Strategic Projects,
Law 448/97. Agro-system managing, especially if necessary to achieve
high quality in speciality crops, requires knowledge of main features
and intrinsic variability of climate. Statistical models may properly
summarize the structure existing behind the observed variability, fur-
thermore they may support the agronomic manager by providing the
probability that meteorological events happen in a time window of
interest. More than 30 years of daily values collected in four sites locat-
ed on the Fucino plateau, Abruzzo region, Italy, were studied by fitting
Bayesian generalized linear models to air temperature maximum
/minimum and rainfall time series. Bayesian predictive distributions
of climate variables supporting decision-making processes were calcu-
lated at different timescales, 5-days for temperatures and 10-days for
rainfall, both to reduce computational efforts and to simplify statistical
model assumptions. Technicians and field operators, even with limit-
ed statistical training, may exploit the model output by inspecting
graphs and climatic profiles of the cultivated areas during decision-
making processes. Realizations taken from predictive distributions
may also be used as input for agro-ecological models (e.g. models of
crop growth, water balance). Fitted models may be exploited to moni-
tor climatic changes and to revise climatic profiles of interest areas,
periodically updating the probability distributions of target climatic
variables. For the sake of brevity, the description of results is limited
to just one of the four sites, and results for all other sites are available
as supplementary information.
Introduction
This work was developed within the Metodologie e sistemi integrati
per la qualificazione di produzioni orticole del Fucino (Methodologies
and integrated systems for the quality improvement of horticultural
products in the Fucino plateau), Italian Ministry of Education,
University and Research, Strategic Projects, Law 449/97. The Fucino
(Abruzzo region, Italy), was an old Apennines lake, that because of its
shallowness used to show extensive marsh areas. It was definitively
drained during the second half of 1800, to increase the availability of
areas usable for agricultural purposes. The drainage possibly caused
significant climatic changes over the Fucino basin and on the sur-
rounding region (Tomassetti et al., 2003). Today it is an area of about
13,000 ha, on a plateau above 700 m a.s.l., completely flat and flanked
by peaks reaching even 2500 m a.s.l., where farms cultivate mainly
open-field vegetable crops such as potatoes, carrots, radicchioes, fen-
nels, cauliflowers. The main project objective was to improve the qual-
ity of products to meet the consumers needs, and checking the possi-
bility of introducing new crops. In this area, climate features, suitabil-
ity of soil, depth to which the groundwater is maintained in the
reclaimed area and natural resource management are main factors
that largely control and limit the agricultural choices. The research
developed in the last 30-40 years in the agricultural field, confirms that
the interdisciplinary approach and the availability of tools for decision
support are basic to correctly handle the complexity of agro-systems.
The improvement of knowledge base within plant physiology and agri-
cultural meteorology closely related to the evolution of computer tech-
nologies, led to development of mathematical descriptions of plant
growth and soil water balance and to build agronomic models (crop
models) and decision support systems. To incorporate a range of envi-
ronmental concerns, and to calculate effects of tillage systems and
other management practices, functions for nutrient cycling, soil car-
bon dynamics, have been also developed. The research in this area,
also confirms that the availability of climatic information is critical for
the effectiveness of decision support systems (Steiner et al., 2008).
Many methods to characterize climate, with the main purpose to iden-
tify key indices to summarize climatic resources and the potential abil-
ity to sustain animal and plant life of different areas of the Planet,
were developed. Despite the undoubted validity of these methods (the
first, developed by Köppen and Geiger in 1928, remains in use today),
due to their summarizing goal, they are not also so effective in sup-
porting agronomic decision making, whereas uncertainties of those
summaries must be taken into account. The climatic characterization
of a territory is based on the observation and the systematic collecting
of data on atmospheric conditions for long periods of time, which cor-
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responds to at least 30 years, as established by the World Meteorolo-
gical Organization (WMO). Measurements on the meteorological vari-
ables, such as air temperature, rain amount and wind speed, are
unlikely to take the same values over the years, even considering the
same place and the same season of the year,  therefore the analysis of
these variables necessarily has to face the inherent uncertainty associ-
ated to them. The presence of uncertainty is well known by climatolo-
gists, among which we mention one of the fathers of Italian agroclima-
tology, the physicist Ezio Rosini, who strongly supported the substitu-
tion of pseudo-deterministic approaches based on point estimates with
an approach based on intervals at a fiducial level considered acceptable
for the specified goals to reach (Rosini, 1988). The specialized litera-
ture has long since agreed on the necessity of using probabilistic mod-
els to characterize climatologic variables, for example to find the struc-
tural components describing the cyclic regular behaviour (seasons,
years) of time series of temperatures even if buried into observed data
affected by noise. From a methodological point of view, statistical mod-
els have been developed for climatological variables ranging from
ARIMA and state-space models (Sneyers, 1990; Brockwell and Davies,
1998) to hidden Markov (Bellone et al., 2000) and Poisson processes
(Cowpertwait, 1994). A model may be more or less useful depending on
how much it captures about structure of the phenomenon under study,
but there is almost never a truemodel to search for. Therefore the chal-
lenge is about the development of a statistical model which is simple
enough to be used by agronomic managers without too much statisti-
cal training but rich enough and structured to catch main climatic fea-
tures involved into decision making. Given that Bayesian methods are
particularly suitable for forecasting and decision making (Bernardo
and Smith, 1994; Lindley, 2000), in this paper some Bayesian models
are developed to characterize rainfall and temperature in the Fucino
basin.
Materials and Methods
In this section data collection and statistical models are described.
Time series, whose main geographic features are summarized in Table
1, were collected in four sites situated inside the Fucino plateau, that
is the agricultural area involved by the project reported in the introduc-
tion. Years from 1951 to 2007 were considered, although some series
are shorter due to some years of delay in starting to collect data. At each
meteorological station, minimum/maximum temperatures and rainfall
were collected on a daily basis. The choice of aggregation data on a
appropriate time scale was performed to fulfil different requirements.
The aggregation of data into intervals may be performed by the agricul-
tural manager provided that the interval is appropriate and reasonable
to create relationships between meteorological variables and the main
aspects of crop management. Also, a reasonable degree of aggregation
makes computation and model assumptions lighter, for example for the
possibility of exploiting the Central Limit Theorem. For these reasons,
Bayesian generalized linear models were fitted to time series aggregat-
ed into 5-days for temperatures (pentadal averages) and 10-days for
rainfall (dekadal amount).
Air temperature
Model
Regarding temperatures, the pentadal mean value yt at time t is
explained by a cyclic component (seasonal component) that captures
mean recurrence of temperature and an autoregressive component
made by the observation performed one or more time units back, that
is yt−1 , yt−2 , ... , so that shifts of temperature due to prolonged external
events (for example rain) on few time units are taken into account.
The class of models we considered is defined by the formula below:
(1)
where εt are identically and independently distributed normal errors
with mean 0 and variance σ2; μ is the overall mean, βk and αk are  coef-
ficients of the trigonometric representation of the cyclic component
and δd are the auto-regressive terms; T is the period length of the cyclic
component. Model search, that is optimal values of K and D, was per-
formed by minimizing the Bayesian Information Criterion (often called
BIC). Model checking was performed by graphically inspecting model
residuals (McCullagh and Nelder, 1989). The initial distribution of the
above model parameters was defined to be weakly informative, that is
a zero mean overdispersed normal distribution for parameters in the
linear predictor and an inverse gamma distribution for the variance of
the error term, with parameters both equal to 0.01. The final joint dis-
tribution of model parameters was approximated by Monte Carlo simu-
lation (Bernardo and Smith, 1994).Rain occurrence and rainfall amount
Model
Rainfall was modelled by decomposing the time series into a binary
variable Z representing the dekadal occurrence of precipitation and a
dekadal intensity of precipitation X which is identically null if Z is null
and is strictly positive if Z is equal to one (it does rain). A logit link
function was adopted for the occurrence variable, thus the expected
value after transformation is explained by a linear model, here in
matrix form:
ln(E[Zt] /(1-E[Zt]))=Wtg (2)
with Wt the design matrix and g the vector of parameters. Similarly, the
natural logarithm of the expected value of X is modelled by a linear
model: 
ln(E[Xt])=Btψ (3)
with Bt the design matrix and ψ the vector of parameters. The two
design matrices contains trigonometric expansions of the cyclic (sea-
sonal) component and autoregressive terms. For the sake of brevity, the
class of models based on (2) and (3) are not further detailed, but a
Article
Table 1. Main features of locations where time series were recorded.
Sites Longitude Latitude Height Thermometry Pluviometry 
(UTM 32) (UTM 32) (a.s.l.) (years of survey) (years of survey)
San Benedetto dei Marsi (province of L’Aquila) 4663436.10 882915.42 687 56 55
Borgottomila (province of L’Aquila) 4659284.07 877795.62 650 56 59
Ortucchio (province of L’Aquila) 4655086.98 866073.07 680 31 32
Avezzano (province of L’Aquila) 4662521.71 866529.10 698 33 34
N
n-
om
me
rci
al 
us
e o
nly
comprehensive account on generalized linear models is given by
McCullagh and Nelder (1989), while Stern and Coe (1984) provide a
full account on how to define the likelihood function for rainfall time
series. Weakly informative prior distributions were selected for the
above models. Note that in equations (2) and (3) explicit conditioning
is omitted to simplify notation. The model output for dekadal rainfall
and pentadal temperatures includes the predictive distribution of vari-
ables over a time window of interest, for example one year. Such out-
put is used both to check model predictions within an observed year
and to help in decision making for the next unobserved month. All the
computations were performed in the open source R environment (R
Development Core Team, 2005) and tailored functions were developed
to make possible batch processing.
Results and Discussion 
The best model for each variable was obtained by BIC optimization.
Top scored  models always contain autoregressive terms, therefore the
information about an event observed in a given time interval is also
informative for subsequent time intervals, a result which is not
straightforward to state without model search and fitting. These model
components exert a relevant effect while performing short-to-medium
forecasting of rainfall and temperatures: uncertainty increases moving
from observed time intervals towards time intervals far in the future.
Thus, the models here presented are best suited for short term fore-
casting or to compare seasonal components belonging to time series of
different locations so to characterize structural agro-climatic features
of different fields. The posterior distributions of model parameters and
the Bayesian predictive distributions on selected pentadal/dekadal time
intervals have been obtained for all the climatological variables at each
location. For the sake of brevity, we decided to present results of just
one site, called Borgottomila, and to select the worst fitted years (2005
for temperatures and 2007 for rainfall) so to make clear the operating
limits that may result from model fitting in a relatively simple class of
models. Results are followed by a discussion on basic climatic features
of the Fucino plateau, that are also evident on the chosen site. Tables
of results for all other sites are available as supplementary information
(from Table 3 to Table 23).Air temperature
In Figures 1 and 2 the central continuous line represents the expect-
ed value provided by the model for Borgottomila site, and the two
dashed lines represent the estimated 95% Bayesian credibility interval,
thus the probability of observing a pentadal mean value outside the
dashed interval, is 0.05. The figures also show, displayed with dotted
lines, pentadal means of minimum and maximum temperatures
(respectively Tmin and Tmax) recorded at the same site in a unusual
year (2005).
In general, values of minimum air temperature show particularly cold
weather conditions from mid-November to end of March and cool temper-
atures during summer night. The thermal minimum oscillations of pen-
tadal means are comprised in a range of ±4°C with a credibility level of
95%. Year 2005 was characterized by extraordinary snowing and persist-
ent freezing conditions at the end of winter, an event that actually
involved the whole Italian peninsula. Figures 1 and 2 highlight that at
least two persistent cold episodes characterized the winter of 2005 from
the end of January to mid-March and that they lasted about 15 days each;
the pentadal mean values of the minimum temperature decreased below
the expected values till reaching -8/-10°C; those values are outside the
credibility interval or close to the edge of the chosen credibility interval
(level 95%). Memorable cold winters are present in the time series: at
Borgottomila site, in the third pentad of February 1956, the mean of min-
imum temperatures reached -21°C with an absolute minimum below -
30°C. The pentadal maximum temperature is at the lowest value in the
month of January, therefore this is the coldest month of the year. The
hottest pentad, with expected values around 30°C, is reached in the peri-
od between 15th of July and 15th of August. The pentadal thermal oscilla-
tion is in a range of about ±6°C. In the end of winter 2005, due to the pre-
viously described episodes, pentadal values of maximum temperatures
were near or under the lowest 2.5% credibility limit, and in the coldest
pentad five consecutive ice days occurred.Probability of frost and of exceeding some thermicthresholds of agricultural interest
Agronomic managers may exploit the output in several ways, for
example model predictions may be summarized on other coarser time
scales (e.g., 10 days) or they can be conditioned with respect to events
representing a scenario of interest (what-if analysis), which the deci-
sion maker needs to address to. As life of the different species, pheno-
logical phases of plants and the epidemiology of their parasites, are
regulated by optimal and critical thermal thresholds, agronomic man-
ager may also be supported by  the estimate of probability of meaning-
ful threshold events. For example, the appropriate date for an agronom-
ic practice, as seeding or transplanting, may be decided relying on
model predictions after selecting a sustainable risk of failure, which
[Italian Journal of Agronomy 2011; 6:e29] [page 185]
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Figure 1. Borgottomila site, minimum temperatures. Bayesian
predictive distribution of pentadal averages and observed values
of year 2005.
Figure 2. Borgottomila site, maximum air temperatures. Bayesian
predictive distribution of pentadal averages and observed values
of year 2005.
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coincides with the probability that temperature drops under the ther-
mic threshold required. In Figures 3 and 4, probability values of some
useful threshold events, are reported. Among the most interesting risks
for agricultural activity in this area, the spring temperature range is of
particular importance therefore in Figure 5 an overview on Fucino ther-
mometry around the entrance of the spring season is shown. From
comparative analyses of the maximum and minimum temperatures at
some thermal thresholds, like Tmax >10°C and Tmin <0°C, it can be
inferred that at entrance of the spring season in all sites analyzed the
maximum temperature is stabilizing above 10°C (an effective feature
in promoting vegetative work) but there is still a substantial risk of late
frost, with probability of such event above 50%. At all sites, as shown in
Figure 3 at Borgottomila, it is necessary to wait until the end of April to
infer that the freeze probability approaches zero, although intense cold
with persistence in 5 consecutive days may return until the following
month, even if with low probability (less than 5%).Rainfall amount
In the study of the pluviometric regime of sites, rainfall amount has
been analysed, with probabilistic dekadal scale models. The peculiar
distribution of the rainfall variable makes it not very useful to summa-
rize dekadal values in terms of mean intensity: the presence of dekadal
time units with null intensity is obscured by the positive intensity of
the same time interval in different years. After model fitting, annual,
seasonal and monthly estimates were obtained and results used to
characterize the annual rainfall trend of sites. The rainfall amount has
been characterized by some quantiles of the predictive distribution:
5%, 25%, 50%, 75% and 95%. The median (quantile 50%) summarizes
the central location of the distribution, while its variability is captured
by extreme quantiles or by differences of quantiles, for example 5% and
95%. The rainfall recorded in the 2007 at the mentioned site was con-
sidered with the purpose of showing how the Bayesian model performs
in one of the driest years of the time series. Borgottomila site was cho-
sen to summarize basic rainfall features common to all the Fucino
plateau (Table 2, Figure 6). The annual rainfall amount, with expected
values between 620-700 mm, situates the sites of plateau among the
dry ones of the Abruzzo region. Spring and summer seasons are char-
acterized by a small rain supply while autumn and winter seasons
assure more than 60% of the yearly rainfall.
The driest months are July and August, while the rainiest ones range
from October to December. On month time scale (Figure 6), the graph-
ic displays pronounced asymmetries above the expected values with
quite large range intervals. The highest rainfall amount values are
more uncertain and highly dependent on the realization of the above
mentioned extreme events.Rainfall occurrence and probability of exceeding somethresholds of agricultural interest
The analysis of rainfall occurrence (at least one rain event in the
considered time interval) and probability values of exceeding some
Article
Figure 3. Borgottomila site, minimum temperatures. Probability
of freezing and of exceeding some critical thresholds of agricul-
tural interest.
Figure 4. Borgottomila site, maximum temperatures. Probability
of exceeding some thermal thresholds of agricultural interest. 
Figure 5. Fucino plateau at the entrance of spring season.
Probability of exceeding a thermal threshold of agricultural inter-
est and late frost probability, at the four sites analyzed. 
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thresholds (10 mm, 20 mm, 40 mm) of interest on dekadal scale have
been analysed. These thresholds, in general, have different uses
depending on periods of the year and the subject of interest. For exam-
ple, in assessing the amount of rainfall available for crop requirement
in the summer dekads, the low probability associated with the thresh-
old above 40 mm makes it of little interest. On the other hand, an in-
depth study of tail area probability values could be useful elsewhere,
like for flood safety in the field of reclaim, where the focus is shifted
principally on precipitation episodes of very high intensity (extreme
events), that is on rare events. For this type of estimates we recom-
mend specifically tailored statistical models (Coles, 2001). At all the
studied sites, for example Borgottomila (Figure 7), occurrence of pre-
cipitation (at least one rain event) is an event with probability above
60% in all the dekads, with peaks of 90% in some months such as April,
May, No vember, December.
Appreciable rainfall amount, from 20 mm to 40 mm, has a smaller
probability value in all the dekads. The exceeding of the first threshold
(20 mm) is an event with probability value about 30% to 45% in autumn
and winter and about 20% in warmer seasons, where probability values
decrease under 10% for the 40 mm threshold. The selected time scale
aggregation may lead to a useful analysis of water requirements for
several cultivated species and to the optimization of decisions regard-
ing water resource use for irrigation. Fitted models may be used to
track the onset of  sufficient rain to carry out sowing / transplanting
operations given the joint probability of two or more events, for exam-
ple the event first dekad with at least 25 mm of rainfall, the second
dekad summing to at least 20 mm and the third dekad summing to at
least 20 mm. During warmer months, where the evapotranspiration
flux reaches highest values and the probability of an appreciable rain-
fall (at least 20-40 mm for dekad) is indeed very low, most of cultivated
species should be efficiently supported by adequate irrigation. Water
balance models exploiting as input the expected values of precipita-
tions and temperatures, together with their Bayesian credibility inter-
vals, may suitably support irrigation planning of crops by taking care of
the inter annual natural variability of climatological processes.
Conclusions  
Bayesian statistical models developed in this work allow not only to
characterize the climatic variables here considered on a suitable aggre-
gated scale, pentadal or dekadal time scales, but above all to describe in
quantitative terms the structure and the intrinsic variability of time
series. Short term forecasting allowed to evaluate the risk of climate
events which are relevant in agricultural decision making by account-
ing for the inherent uncertainty. Summaries based on the inferred
cyclic components make possible the climatic comparison of different
locations, for example during enterprise activity planning and invest-
ments, and the support to decision making by short time forecasting.
Most notably, all quantities of interest are related to suitable measures
of uncertainty, so that consequences due to uncertain previsions or
overstated accuracy may be promptly considered. Indeed limitations of
the developed models rest in the class we considered, that is general-
ized linear models (McCullagh and Nelder, 1989) which are conceptu-
ally related to linear regression. While this choice makes the model fit-
ting and output understandable with limited statistical training, it pro-
vides a quite stiff class of models for detailed predictions. A natural
extension could include the possible departure of the cyclic component
from the average behaviour, for example by mean of a hierarchical
model, at the price of heavier computations. Another approach widely
considered in the literature is the class of statespace models
(Brockwell and Davies, 1998, chapter 12), which are able to make esti-
mated parameters local in time: here rainfall is more difficult than tem-
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Table 2. Quantiles of the predictive distribution of annual and seasonal rainfall amount at Borgottomila site. On the last column the
observed values of year 2007 are shown.
Quantiles of rainfall amount Q. 5% Q. 25% Q. 50% Q. 75% Q. 95% Observed values
(year 2007)
mm/year 474.4 592.5 679.1 883.1 936.6 401.8
mm/winter season 79.1 138.2 182.1 239.6 348.0 151.6
mm/spring season 64.2 96.7 122.4 155.5 202.6 93.5
mm/summer season 34.6 75.8 105.5 143.9 212.3 3.4
mm/autumn season 101.2 162.5 219.7 279.9 402.1 153.2
Q, quantiles. 
Figure 6. Analysis of monthly rainfall amount (millimetres) prob-
ability at Borgottomila site. Quantiles of the predictive distribu-
tion are shown by column. In the last line from top, the observed
values of year 2007 are shown.
Figure 7. Probability of rainfall (at least one rain event) and of
exceeding some rainfall amount of agricultural in Borgottomila
site. 
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perature to fit. Statespace models are also suited for the joint study of
spatial variability and temporal dynamic, and they may incorporate rich
sources of information, like radar records located in the surroundings
of the weather stations. The case study we described showed that, even
in the worst fitted year, our models are able to support agricultural deci-
sion making, and they require a limited degree of statistical training.
Among the remarkable potential extensions rooted into a probabilistic
statistical paradigm we mention dynamic Bayesian networks because
they might become the entry point towards the creation of statistical
experts systems for regional agriculture. 
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